Understanding the deposition mechanism of ne solid particles is essential for the effective use of the cold spray (CS) technique, which is used to synthesize dense and thick metallic coatings. As such, in this study, the deposition behaviors of spherical pure aluminum particles were investigated in detail in order to understand the deposition mechanism; these particles had a diameter of 1 mm and were deposited on ve metallic substrate materials, during the CS-emulated high-velocity impact process. A single particle impact testing system, which is a modi ed single-stage light gas gun, was used to evaluate the deposition process. This evaluation con rmed that the critical velocities of Al particles vary signi cantly with the substrate material. In order to identify the dominant factors, the bonding energies, rebound velocities, plastic deformation experienced by the particles and substrates, and removability of the natural oxide lms were evaluated. The results revealed that the critical velocities increased signi cantly with increasing Ar sputtering time required for complete removal of the natural oxide lm; this time represents the removability of the lm. This result con rms that, of the factors considered, the removability of the natural oxide lm exerts the most in uence on Al particle deposition on metallic substrates.
Introduction
The cold spray (CS) technique, which is based on the impact and deposition of numerous ne solid particles accelerated by a supersonic gas ow 1, 2) , is considered a thermal spray technique. However, the CS process is conducted below the melting temperature of the material and is therefore, advantageous compared to conventional thermal spray techniques. For example, dense and thick metallic coatings can be obtained via the CS, without the occurrence of high-temperature oxidation and phase transformations 3, 4) . Soft metallic coatings such as aluminum and copper 5, 6) , and hard metallic alloy coatings such as MCrAlY alloy and Ti-6Al-4V alloy are routinely obtained via this technique 7, 8) . Therefore, the CS process is expected to replace conventional thermal spray techniques, as the preferred method for repairing structural components.
The deposition ef ciency of CS metallic coatings is, however, signi cantly in uenced by the spray conditions and materials 9) . In fact, below a speci c velocity, i.e., the critical velocity, particles cannot be deposited on a substrate. The critical velocity varies with the type of particle and substrate materials, particle size, particle shape, particle temperature, surface conditions of the particle and substrate and so on [10] [11] [12] [13] . In addition, CS metallic coatings have, in general, lower tensile strength and ductility than bulk materials [14] [15] [16] . This indicates that the quality and performance of a CS coating strongly depend on the bonding state of the particle-substrate and particle-particle interfaces. As such, the mechanism governing the deposition of CS metallic particles has been extensively investigated 13, 17, 18) . Several numerical analyses using the nite element method (FEM) have predicted that adiabatic shear instability, which leads to large plastic deformation at particle-substrate interface, contributes to particle deposition 19) . However, experimental validation of the dominant factors that in uence particle deposition is dif cult. This is attributed to the dif culties associated with performing accurate measurements and evaluations, and the ability to control the particle velocity, size, shape, and surface condition. As such, a single particle impact testing system (SPITS), which is a modi ed single-stage light gas gun, was developed in order to provide well-de ned impact conditions 20) . Using this system, a 1-mm-diameter spherical particle can be accelerated, by a compressed inert gas, to a velocity of 670 m/s and impacted on a substrate. The evaluation of particle deposition behavior under well-de ned impact conditions is expected to contribute signi cantly to the understanding of the deposition mechanism of actual CS particles. Schmidt et al. have conducted scaled-up impact tests with 20-mm-diameter copper balls, thereby revealing the effectiveness of this type of test 21) . In this study, the deposition behaviors of pure Al particles were evaluated in detail in order to identify the dominant factors that in uence particle deposition in the CS process; the particles had a nominal diameter of 1 mm and were impacted on ve types of metallic substrate materials. The results conrmed that the deposition behaviors of the Al particles strongly depend on the substrate material. Based on the assumed deposition mechanism, the dominant factors were expected to be the bonding energy, rebound energy, plastic deformation experienced by the particle and substrate, and removability of the natural oxide lm. The bonding energies for the combination of Al with each substrate material were estimated by performing a molecular dynamics (MD) simulation. The rebound velocities corresponding to the rebound energy were measured by a high-speed camera. The particle deformation ratio and depth of the crater (associated with the amount of plastic deformation) on each substrate were also determined. Furthermore, the removability of the natural oxide lms was evaluated via X-ray photoelectron spectroscopy (XPS). The obtained results con rm that, of the factors considered, the removability of the natural oxide lm exerts the most in uence on Al particle deposition.
Experimental Procedure

Materials
High-purity Al particles (>99.99 mass%, Ohashi Steel Ball Corporation, Japan) having a nominal diameter of 1 mm were used in this study. These particles were annealed at 500 C for 1 h under an air atmosphere. Subsequently, the particles were chemically polished with an acid solution (i.e., H 2 SO 4 : H 3 PO 4 : HNO 3 = 5 : 14 : 1) in order to remove the oxide lms and alumina abrasives formed during annealing and embedded during the manufacturing process, respectively. This polishing was performed for 1.5 min at 90 C. The typical morphology of a chemically polished Al particle is shown in Fig. 1 . As the gure shows, the spherical shape was maintained and the alumina abrasives were completely removed, although several craters formed on the surface owing to the removal of the large abrasives. Five types of materials, pure Al (>99.7 mass%), pure Cu (>99.96 mass%), pure nickel (Ni, >99 mass%), pure titanium (Ti, >99 mass%), and low-carbon steel (steel, ~0.15 mass%C), were used as substrates. These substrates are cylindrical, each with a size of φ16 × 15 mm, and like the particles, were annealed under an air atmosphere. The annealing conditions and hardness of each substrate are listed in Table 1 . After annealing, the surfaces of all the substrates were mirror-polished using diamond paste and colloidal silica and the respective hardness values were measured by using a micro-Vickers hardness tester (HMV-1, Shimadzu Corporation, Japan). During the hardness testing, the vertical load and holding time were xed at 0.98 N and 10 s, respectively.
Single particle impact tests
A schematic illustration of the SPITS is shown in Fig. 2 . The impact velocity was measured using two continuous wave semiconductor lasers (LDU33, SIGMAKOKI CO., LTD., Japan) that were placed at 60-mm intervals. The time gap between these two lasers, owing to the particle, was detected by an oscilloscope. A xed sampling frequency of 5 MHz was used during the measurements. The impact velocity can be accurately calculated from the distance between the two lasers divided by the time gap. Two types of inert gas, nitrogen (N 2 ), and helium (He), were used as acceleration gases in order to obtain various impact velocities. The use of N 2 and He gases resulted in relatively low (<350 m s ) impact velocities, respectively. The pressure in the vacuum chamber was reduced to ~0.5 kPa prior to particle impact. After the impact testing, deposited Al particles were cleaned in an ethanol solution via a ultrasonic (US) cleaner (ASU-3, AS ONE Corporation, Japan). The non-separated particles by the US cleaning were considered successful depositions. The deposition behaviors of the Al particles impacted on each substrate at various velocities, were investigated. The critical velocities were de ned as the lowest impact velocities for successful depositions in this study.
MD simulation
The bonding energy between Al and each substrate material was estimated via an MD simulation, performed by using a free MD code LAMMPS , which was developed by Sandia National Laboratories (USA) 22) . The bonding energy per unit area (E bond ) can be expressed as follows:
where E Al and E X are the total potential energies of an Al crystal model and a crystal model of substrate material, respectively; E AlX represents the total potential energy of a combined crystal model of Al and the substrate material; A interface is the area of the interface between the Al and the substrate material in the combined crystal model. These energies were determined during the simulation. The results of the simulation depend strongly on the calculation model and empirical interatomic potential used. In this study, a single crystal was assumed and the slip surfaces of each material were selected as the bonding surfaces. In addition, the strain resulting from the lattice mismatch was suppressed. This was achieved by de ning the width and length of each crystal model such that integral multiples of the lattice constants of Al and the other materials were approximately equal. The crystal models of individual materials were composed of ap- proximately 50,000 atoms. Moreover, the general embedded atom method (EAM) potential was used as the empirical interatomic potential. The parameters of each material were obtained from the literature 23) . To simplify the simulation, the crystal model and EAM parameter of pure iron (Fe) were used rather than those of the low-carbon steel. The simulations were run until equilibration of the total potential energies was achieved at 300 K.
Observation by high-speed camera
The rebound velocities, which represent the rebound energies, of Al particles impacted on each substrate during single particle impact testing, were evaluated over a wide range of particle velocities, by using a high-speed camera (FASTCAM SA1.1, PHOTRON LIMITED, Japan). However, evaluation of the ideal rebound velocity is dif cult, owing to the energy loss resulting from only partial bonding between a particle and a substrate. In order to suppress the energy loss, the substrate surfaces were covered with thin coatings that consist mainly of uorine (Novec2702, 3M Japan Limited, Japan) and which are only a few microns thick. Al interacts less with this coating than with the substrate materials. In addition, owing to its low thickness, the coating has negligible effect on the ideal rebound phenomenon. Therefore, rebound velocities similar to the ideal values are expected. Images with a resolution of 1,024 × 1,024 pixels were acquired at a speed and exposure time of 5,000 fps and 25.6 μs, respectively.
Deformation ratio and crater depth measurements
The amount of plastic deformation experienced by the particle and the substrate was determined by calculating the deformation ratio of the particle and measuring the depth of the crater formed on a substrate by the particle impact. The deformation ratio was de ned as the mean diameter of the deposited particle divided by its initial diameter. The deposited particles were examined via scanning electron microscopy (SEM) and the mean diameter was determined from top-view images. In addition, the depth of the crater on each substrate was measured by using a laser microscope (VK-X100, KEY-ENCE Corporation, Japan). This depth is then used to estimate the new-born surface area, generated during plastic deformation and de ned as the difference between the surface areas on a substrate before and after impact. If the crater is assumed to be roughly hemispherical shown in Fig. 3 , then the surface area of the crater (S 1 ) is given as,
where r 1 and d are the radius of the assumed hemisphere and the depth of the crater, respectively. Then, the area before deformation (S 2 ) is simply expressed as the follow equation using the radius of the area (r 2 ),
The radius of the assumed hemisphere (r 1 ) can be represented using the d and the r 2 as,
Hence, the new-born surface area (S new ) is given as,
The typical cross-sectional SEM image of a crater formed on an Al substrate shown in Fig. 4 indicates that this approximation is not so far from the actual new-born surface area on a substrate resulting from the plastic deformation.
XPS analysis
The removability of the natural oxide lm on each substrate material was evaluated via XPS analysis. A scanning ESCA Microprobe Quantum 2000 (ULVAC-PHI, Inc., Japan) was used as the XPS equipment. During the analysis, the oxygen content on a substrate surface was determined, and Ar sputtering was performed for appropriate durations, in order to reduce the oxygen content gradually. An X-ray spot size of 100 μm was used, and the accelerating voltage of the Ar ions and the sputtering area were xed at 2 kV and 2 mm 2 , respectively. Under these conditions, the Ar sputtering time required for the complete removal of oxygen represents the removability of the natural oxide lm. In this study, the time required for a 90% decrease in the initial oxygen content was taken as the Ar sputtering time for complete removal of the lm. 
Results
Using the SPITS, pure Al particles with a nominal diameter of 1 mm were impacted at various impact velocities on ve types of metallic substrate materials. The deposition behaviors of these particles are summarized in Fig. 5 . The triangles in the gure represent the deposited particles that were separated from the substrates during US cleaning. Figure 5 indicates that the deposition behaviors, and hence the critical velocities, of the impacting Al particles depend strongly on the substrate materials. The particles were more easily deposited on the Ni and Cu substrates (compared to the other substrates) and the critical velocities, required for deposition, were 296 m s −1 and 301 m s , particle depositions on the steel and Ti substrates were quite dif cult; the deposition behavior on the steel substrate was unstable in the vicinity of the critical velocity. The critical velocity on the Ti substrate was more than 200 m s −1 higher than that on the Ni substrate. This signi cant difference stems from factors resulting from the substrate materials. A fundamental understanding of the deposition mechanism is essential to identifying the dominant factors that lead to this difference. Figure 6 shows SEM images of Al particles deposited on each substrate at velocities close to the critical values. In the case of the Ni, Cu, and Al substrates, the particles were only slightly deformed, and the spherical shapes were well-maintained; only small amounts of severe plastic deformation, socalled jetting, occurred at the interfaces between the particle and the substrates. However, in the case of the steel and Ti substrates, the particles were severely deformed to pancake-like shapes, owing to the high impact velocity. These results indicate that the amount of plastic deformation experienced by the particle has a signi cant effect on its deposition. The mechanism governing the deposition of CS metallic particles has been extensively investigated 16, 18, [24] [25] [26] . The following process is believed to be the most probable of the suggested mechanisms. In general, natural oxide lms form on the surfaces of metallic materials. These lms become broken and new-born surfaces are generated by severe plastic deformation of the particles and the substrate, during the high-velocity impact process. Subsequently, a metallic bond is formed by the intimate contact of the new-born surfaces on the particle and the substrate. A particle can therefore be deposited on a substrate if the energy required for its separation from the substrate is larger than the rebound energy converted from the elastic energy. As such, four contributory factors to particle deposition via the CS process are identi ed. These are: the bonding energy resulting from contact of the new-born surfaces, rebound energy, amount of plastic deformation the particle and substrate undergoes, and removability of the natural oxide lm. Figure 7 shows the bonding energies between Al and each substrate material, as determined from MD simulations. The Al-Fe and Al-Al bonding energies are the highest and lowest, respectively. This indicates that the interfacial bonding , and (e) 500 m s −1 on the Ni, Cu, Al, steel, and Ti substrates, respectively. strengths between Al and the other substrate materials are higher than the strength of bulk Al. In addition, Al has the lowest tensile strength of the ve materials. The weakest region in the vicinity of the interface between the particle and each substrate is therefore expected to lie in the Al, rather than at the bonding interface. Consequently, the behavior of the particle during deposition is in uenced by the strength of bulk Al, rather than the interfacial bonding strength. However, this result was obtained under only one simulation condition. The bonding energies calculated during this type of simulation vary with the simulation conditions, for example, the crystal orientations of the contact surfaces. Therefore, further numerical simulations and experimental evaluations are required for validation of the bonding energies.
The rebound velocities of Al particles impacted on each substrate material were directly measured by a high speed camera. A typical composite image of a rebound particle is shown in Fig. 8 . The rebound directions of the particles were typically not completely perpendicular to the substrate surfaces, owing primarily to the incidence angle of the impacted particle. In addition, the re ection angle of the depth direction cannot be evaluated from this image and hence direct evaluation of the rebound energy is dif cult. This drawback was overcome by evaluating the vertical components of the rebound velocities with respect to the substrate surfaces. Figure 9 shows the relationship between the impact velocity and the vertical component of the rebound velocity of a particle impacted on each substrate material. In the case of the Ni and Cu substrates (Fig. 5) , the critical velocities were both ~300 m s . However, owing to the coatings with uorine, the particles could not be deposited on these substrates even at velocities higher than 450 m s . This indicates that the coating led to a decrease in the bonding energy between the particle and the substrate. The evaluated rebound velocities are probably similar to the ideal rebound velocities, especially at a relatively low impact velocity. In the case of Ni, Cu, steel, and Ti substrates, the rebound velocities decreased slightly (in general) with increasing impact velocities of 170 m s −1 -350 m s −1 and increased thereafter; the rate of increase varied, however, with the substrate material. In contrast, the rebound velocities were almost constant regardless of the particle velocities on the Al substrate.
These results reveal two distinct trends of the critical velocities shown in Fig. 5 . First, similar rebound velocities were obtained on the substrate materials, except for Al; at an impact velocity of ~300 m s −1 , the rebound velocities on the Al substrate were signi cantly higher than those on the other substrates. Second, for velocities >350 m s , the rebound velocities on the steel and Ti substrates increased substantially with increasing impact velocity. As previously mentioned, the deposition of Al particles on Ni and Cu substrates began at ~300 m s . The particles could not be deposited, however, on the steel and Ti substrates, despite the similarity among the rebound velocities at impact velocities of ~300 m s . This indicates that the lower critical velocities on the Ni and Cu substrates, compared to those on other substrates, do not result from the rebound velocities. In other words, the rebound velocity constitutes only one, rather than the predominant, factor that in uences Al particle deposition on these substrate Fig. 7 Bonding energies between Al and each substrate material, as determined from an MD simulation. Fig. 8 Typical composite image of a rebound particle, captured by a high speed camera. Fig. 9 Relationship between the impact velocity and the vertical component of the rebound velocity of an Al particle impacted on each substrate material.
materials. The signi cant increase in the rebound velocities at particle velocities >350 m s −1 probably contributes, however, to the exceedingly high critical velocities on the steel and Ti substrates. Figure 10 shows the deformation ratio of the particle deposited on each material, as a function of the impact velocity. The former increases with increasing values of the latter, in all cases. The deformation ratios can be classi ed into two groups, namely, those associated with the Al substrate and with the other substrate materials, respectively. The former set of ratios is signi cantly lower than the latter set. However, as previously mentioned, the Al particle can be deposited on the Al substrate at impact velocities higher than 353 m s −1 , i.e., the corresponding deformation ratio is suf cient for deposition. The deformation ratios of the other materials all increase steadily with increasing impact velocity. Therefore, similar amounts of new-born surface areas are generated on the Al particles during plastic deformation of these materials. However, a higher amount of areas is generated on these materials than on the Al substrate.
The new-born surface area, estimated from the depth of the crater on each substrate material, is plotted as a function of the impact velocity (Fig. 11) . The results indicate that the Al substrates will be easily plastically deformed by the impact of the Al particle. In other words, the amount of new-born surface area on the Al substrate, increases drastically with increasing impact velocity, and is substantially larger than those on the other substrates. However, the craters on the other substrate materials were less easily deformed than those on the Al substrate, and negligible amounts of new-born surface areas were formed, especially on the steel and Ti substrates. The new-born surface areas formed on each substrate material can therefore be classi ed into two groups, as in the case of the deformation ratios of the Al particle. Except for Al, the substrate materials have signi cantly higher hardness (Table 1), associated with the yield stress, than the Al particle; these materials also have higher densities and larger Young s moduli than the Al particle. This difference in mechanical properties led to severe and only slight plastic deformation of the particle and the substrates, respectively, during the impact processes. In contrast, during the impact process on the Al substrate, the particle and the substrate both undergo moderate plastic deformation, owing to their very similar mechanical properties. Figure 12 shows the reduction rate of the oxygen content (normalized by the initial oxygen content) on each material surface as a function of the Ar sputtering time. In the case of the Ni and Cu substrates, the oxygen contents decrease immediately with Ar sputtering. This indicates that the natural oxide lms are easily removed from these substrates, i.e., very low energies are required to remove the lms. The easy formation of new-born surfaces on these substrates during Al particle impact, is therefore expected. The oxygen content on the Al and Ti substrate surfaces decreased slowly with increasing Ar sputtering time. Al and Ti are easily oxidized and passivated, and hence strong or thick natural oxide lms are formed on these surfaces. Therefore, signi cantly higher energies are required to remove the natural oxide lms from these surfaces than from the other substrate materials. The lm on the steel substrate was more dif cult to remove than those formed on the Ni and Cu substrates, but was more eas- Fig. 10 Deformation ratio of an Al particle deposited on each substrate material as a function of the impact velocity. Fig. 11 New-born surface area estimated from the depth of the crater on each substrate material as a function of the impact velocity. ily removed than those formed on the Al and Ti substrates.
Discussion
The results obtained in this study are summarized in Table 2 . First, the energies of the bonds formed between Al and the other substrate materials were, via MD simulations, found to be larger than that of the Al-Al bonds. Consequently, the weakest region occurred in Al in the vicinity of the bonding interface, regardless of the substrate material. Second, the Al particles impacting the Ni, Cu, steel, and Ti substrates had similar rebound velocities, at impact velocities of ~300 m s −1 . Third, the deformation behaviors of the particles on the aforementioned materials were quite similar. Signi cantly larger amounts of plastic deformation occurred on the particles impacted on these four substrate materials than on the Al substrate. This indicates that similar amounts of new-born surface areas are generated by the deformation of the particles on these four substrate materials; more importantly, these amounts are suf cient for deposition of the particles. Fourth, the new-born surface areas generated on the Al substrate were signi cantly larger than the negligible areas formed on the other materials. The Ni, Cu, steel, and Ti substrates underwent similar levels of plastic deformation stemming from Al-particle impact. Based on these results, these four substrate materials indicated that the same weakest region occurring in the vicinity of the bonding interface, the similarity among the rebound energies at particle velocities of ~300 m s −1 , and similar plastic deformation experienced by the particles and substrates. Despite these similarities, however, Al particles could be deposited at ~300 m s −1 on the Ni and Cu substrates, but could not be deposited on steel and Ti substrates, even at 400 m s −1
. A strong dependence of the critical velocities on the natural oxide lms formed on these substrates, is therefore expected.
In Fig. 13 , the critical velocity of the Al particle deposited on each substrate material is plotted as a function of the Ar sputtering time required for complete removal of the natural oxide lm. The gure shows that, except for Al, the critical velocities increase (in general) with increasing Ar sputtering time. This indicates that the ability to deposit Al particles depends predominantly on the removability of the natural oxide lm. Al particles can therefore be deposited on Ni and Cu substrates at relatively low impact velocities, owing to the high removability of the natural oxide lms. The high critical velocities on the steel and Ti substrates result primarily from the low removability of the respective lms; the signi cant increase in the rebound velocities at particle velocities higher than 350 m s −1 also leads to high critical velocities. However, the deformation behaviors of the particles and the Al substrate, as well as the rebound velocity, differed signi cantly from those of the other substrate materials. In spite of the low removability of the natural oxide lm and the high rebound velocity, a relatively low critical velocity was obtained owing to the moderate plastic deformation of both the particle and the substrate; this deformation contributed to the contact between the new-born surfaces.
These results strongly support the assumed governing mechanism (described in section 3) of the deposition process that occurs when 1-mm-diameter Al particles impact on a metallic substrate. Moreover, for similar bonding strength, rebound energy, and severity of plastic deformation to the particle and substrate, the critical velocity of the particles depends strongly on the removability of the natural oxide lm. The deposition behavior of exceedingly smaller particles than 1 mm in actual CS process is expected to be basically governed by the same mechanism described in section 3. However, the contributions of each factors to the deposition of an actual CS particle are probably different from the results of this study. In particular, an actual CS particle de nitely has a higher percentage of the oxide lm thickness to the diameter than a 1-mm-diameter particle. Consequently, the deposition behaviors of actual CS particles are expected to depend more strongly on the removability of the oxide lm on the particles and substrates.
Conclusions
Signi cant variation in the critical velocities of spherical pure 1-mm-diameter Al particles with the substrate material, was con rmed by using a single particle impact testing system. The dominant factors that in uence these velocities were identi ed by evaluating the bonding energies, rebound velocities, plastic deformation experienced by the particles and substrates, and the removability of the natural oxide lms. The results revealed that the critical velocities increased signi cantly with increasing Ar sputtering time; the natural oxide lm is removed during sputtering. This result con rms Table 2 Summarized results of the molecular dynamics simulation and the single-particle impact tests. that, of the aforementioned factors, the removability of the natural oxide lm exerts the greatest in uence on Al particle deposition. The deposition behaviors of actual CS particles are also expected to depend on the removability of the natural oxide lm on particles and substrates.
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